The solvent extraction behavior of precious metal palladium with 1-phenyl-3-methyl-4-benzoyl-5-pyrazone (PMBP) into molten paraffin wax has been studied in the temperature range from 55 to 75
Introduction
Solid-liquid extraction, an efficient enrichment and separation technique, has been studied for many years [1, 2] . The basic principle is that the extraction is carried out at higher temperatures followed by a separation phase at room temperature in which a solid diluent with lower melting point (for example, paraffin wax) must be used. Because the extraction is performed at higher temperatures, this method offers many advantages in comparison to a liquid-liquid extraction at room temperature, such as rapid equilibrium, easy separation, and no third phase appeared. For these reasons, this method has been widely used in analytical chemistry [3] [4] [5] [6] . 1-phenyl-3-methyl-4-benzoyl-5-pyrazone (PMBP) is one of the commonly used ligands in separation science and coordination chemistry. It was also used in solid-liquid extraction [7] [8] [9] [10] . Notably, higher reaction rate and strong chelating ability at higher temperature facilitates the effective extraction of metal ions [11, 12] , including platinum metals [13, 14] , whose complexes are difficult to extract at room temperature.
In the present paper, the higher temperature extraction of palladium with PMBP into molten paraffin wax was studied in detail. Inductively coupled plasma-atomic emission spectrometry (ICP-AES) was used to determine the distribution of palladium in the two phases. Data indicate that the endothermic extraction reaction with positive enthalpy change makes possible the extraction of palladium at a lower acidity. The result is favorable to the fast separation of palladium with other metal ions.
Experimental

Apparatus
A model DF-101B magnetic stirrer (Shanghai, China), a model CS501 thermostat (Chongqing, China) with an accuracy ±0.1
• C, a Model PHS-10A digital acidity/ion meter (Shanghai, China) and a Labtam8410 Plasmascan, ICP spectrometer(Australia) were used in the study.
Incident power / kW 1.6
Coolant gas flow rate (Ar) / L· min 
Reagents
A standard palladium solution was prepared by dissolving 0.08866 g of palladium chloride (Shanghai, China, analytical reagent grade) in 10 mL of concentrated hydrochloric acid and diluting to 500 mL with distilled-deionized water. The content of palladium was also standardized gravimetrically to be 106.4 μg·mL −1 by the method reported by A.I. Vogel [15] . The working solutions were prepared by diluting the standard solutions to the desired concentrations. All chemicals used were analytical reagent grade and all aqueous solutions were prepared using distilled deionized water.
Extraction procedure and determination of Pd
2+
In the extraction experiments, 2 mL of 1.880 × 10
chloride solution were placed into the extraction vessel along with 1.0 g of solid paraffin wax containing PMBP. Water at required temperature was circulated to melt the wax. After melting the mixture was stirred for 8 minutes. The ratio of the aqueous to wax phase was 10:
The extraction vessel was allowed to cool to room temperature and the solidified wax containing the extracted species separated. An eight minute extraction time was used since a preliminary experiment has shown that extraction equilibrium was reached within that time.
After the removal of solid wax, the pH of the water phase was measured and the amount of Pd 2+ was determined by ICP-AES method. The Pd 2+ in the solid wax phase was also determined by back-extraction with 2 mol·L −1 HCl at the same condition, followed by analysis using the ICP-AES method. The total recovery of Pd 2+ in both phases was calculated to be 100 ± 2 %.
Results and discussion
Effect of pH
The effect of pH on extraction efficiency was studied for 4 μg·mL −1 of Pd 2+ . The extraction curve is shown in Fig. 1 . More than 97% of the palladium ion can be extracted into molten wax phase by PMBP within eight minutes in the pH range of 1.0 to 3.5. The pH 1/2 of extraction is less than 1.0. Another extraction system, from perchloricacid medium, palladium was extracted into chloroform at pH 1.4-3.0 with PMBP [16] .
For example, the extraction requires several hours to several days in DBM-benzenepalladium system to attain equilibrium and the maximum extraction is lower than 90% in the pH range from 3 to 11 [17] . Therefore, it can be concluded that PMBP, paraffin wax, and higher temperature improves the extraction distribution of palladium. On the other hand, the limited pH range suggests that palladium could be separated with other unfavorable coexisting ions that are preferably extracted in other parts of the pH range.
Effect of extracting time and salting-out agent
The experiments show that extraction equilibrium can be achieved in 6 minutes with a stirring rate of 800 r.p.m as shown in Fig. 2 . The extraction efficiency does not increase any more and the extraction equilibrium is reached within 6 minutes. The rates of the extraction reaction and the transfer between two phases are considerably enhanced by high speed mixing at high temperature. Thus the subsequent extractions were allowed to stir for 8 minutes. Furthermore, based on both extracting rate, it is possible to carry out separation of palladium from other metal ions that are extracted at a slower rate. Another series of experiments indicate that the amount of salting-out agent 1 mol·Lsodium chloride varied from 0.1-2ml has no obvious effect on the extraction percentage. Slimilarly, in PMBP-chloroform system [16] at 25
• C, the extracted species is determined as
[Pd·L]ClO 4 . 
Extraction mechanism
As a typical β-diketone, PMBP has keto-enolic tautomerism. The strong acidity would explain why PMBP releases one hydrogen ion upon forming a complex with a metal ion. Therefore, the extraction reaction equation can be written as follow:
where M denotes the metal ion, HA denotes PMBP. In the experiment, the ion strength is controlled by 1 mol·L −1 sodium chloride. Thus, the main anion in the aqueous phase can be regarded as chloride ion. So the above equation is rewritten as:
Using concentrations, an extraction constant K ex , can be given as:
The equation (4) can be deduced from equation (3) combining the distribution ratio of palladium:
then it can be re-represent as the equation (5):
The relationship between logD and pH is shown in Fig. 3 and the relationship between logD and log(HA) is shown in Fig. 4 . Therefore, the extraction reaction equation can be simplified as:
Thermodynamics data
The equilibrium extraction constant K ex was determined in the temperature range of 55 • C to 75
• C. The values of the thermodynamic equilibrium constants were calculated at different temperatures. For a solution at constant ionic strength, assuming that (i) the dependence of aqueous activity coefficients on temperature is usually ignorable; (ii) the concentration of extracted Pd-PMBP complex in the organic phase is very small; (iii) the enthalpy change ΔH is constant in the temperature range employed; and (iv) the activity coefficient of the neutral species is approximately unity, the activity coefficient of a neutral molecule in a dilute solution may be taken as unity. The activity coefficient of an ion is determined by the total ionic atmosphere of the solution. Then the influence of temperature on activity coefficient is neglected in these calculations, and the enthalpy change values would be standard values, i.e., ΔH Φ .
Based on Vant Hoff's equation logK ex = |ΔG Φ / 2.303RT and Gibbs-Helmholtz equation ΔG Φ = ΔH Φ | TΔS Φ , the equation (7) can be obtained:
It is found that the equilibrium extraction constant increases with increasing temperature. The plot of logK ex against T −1 is linear with a 96% confidence level. With the slope showing in Fig. 5 , the enthalpy change of the extraction reaction ΔH Φ was calculated and listed in Table 1 .
The entropy change ΔS Φ , and the Gibbs energy change ΔG Φ are also obtained with equations:
and
In the extraction of Pd 2+ , the net enthalpy and entropy changes of the extraction are the result of several different processes. The dehydration of the Pd 2+ cation generally involves a positive enthalpy change due to the dissociation of ion-water bonds and a positive entropy change due to an increase of disorder in the system by the release of coordinated water. The hydration of the protons released by the acidic ligand, PMBP, leads to a negative enthalpy change and a negative entropy.
On the other hand, the coordination between palladium and PMBP will result in a negative enthalpy change, as a consequence of replacing relatively weak hydrogen bonds with stronger Pd-PMBP coordination bonds. A negative entropy change comes from the increase of order caused by the Pd-PMBP coordination bonds. Accordingly, the depro-tonation of PMBP provides a positive enthalpy change and a positive entropy change.
The thermodynamic data obtained show that the extraction reaction of palladium with PMBP has a negative Gibbs energy change which suggests the reaction occurs spontaneously. The positive extraction enthalpy ΔH Φ indicates the extraction process is endothermic and the increase of temperature promotes the extraction of palladium into molten organic solvent. The negative free energy change correlates with the increase in temperature. Obviously, the increase of temperature is favorable to the extraction of palladium with PMBP. The data show that the negative entropy change has the same sign as the enthalpy change. The extraction of palladium with PMBP is entropy controlled owing to extensive dehydration of the palladium ion as it extracts into the paraffin wax phase at high temperatures.
The positive enthalpy change suggests that the dehydration of the metal ion in the aqueous phase predominates over the hydration of the exchanged protons. Both the deprotonation of PMBP procedure and the dehydration of the Pd cation procedure require energy. The energy is supplied efficiently by rise temperature in the water and molten wax system. The negative and relatively higher free energy change suggests the strong bonding and formation of stable Pd complexes can form at the high temperature.
Conclusion
The higher temperature extraction of palladium with PMBP into molten paraffin wax is studied in detail. The ICP-AES determination is used to analyze the extracted palladium. The results indicate that an endothermic reaction with a positive enthalpy change effectively extracts palladium at much lower acidity. The extraction of palladium with PMBP is entropy controlled. The palladium extraction efficiency increases as the temperature of the extraction is increased. The present method for the extraction of palladium with PMBP and paraffin wax is characterized by the simple and rapid procedure, economical and harmless extractant and high level enrichment.
